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(A)Abstract 26 
Aim: Pollination services are at risk from land-use change and intensification, but 27 
responses of individual pollinator species are often variable, making it difficult to 28 
detect and understand community-level impacts on pollination. We investigated 29 
changes in community composition and functional diversity of insect pollinator 30 
communities under land-use change in a highly-modified landscape.  31 
Location:  Canterbury region, South Island, New Zealand. 32 
Methods: We trapped insect pollinators every month for one year at 24 sites across 33 
four land-use types of increasing intensity in New Zealand: gardens with native 34 
vegetation, blackcurrant orchards, dairy farms, and rotational cropping farms. We 35 
investigated changes in pollinator species and functional richness and differences in 36 
species and functional composition. 37 
Results: Under increasing land-use intensity, both species and functional richness 38 
declined markedly. Changes in functional richness, however, were overall not 39 
significantly different than expected based on the observed declines in species 40 
richness. Nevertheless, there was a significant trend towards greater-than-expected 41 
functional richness within less intensive land-use types, and lower-than-expected 42 
functional richness within intensive land-use types. The order of species loss under 43 
increasing land-use intensity was non-random, as pollinators with a narrow diet 44 
breadth, large body size, solitary behaviour and a preference for non-floral larval 45 
food resources were lost first.  46 
Main conclusions: Our study shows that pollinator species bearing particular trait 47 
attributes are susceptible to differences in land use.  Our study suggests that 48 
pollination services may be more vulnerable to environmental changes and 49 
disturbances in more intensive land-use types as a result of lower pollinator 50 
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functional richness. 51 
 52 
Key words:  agriculture, agro-ecosystem, bees, biodiversity, crop, ecosystem 53 
function, functional richness, functional traits, land-use change, pollination. 54 
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(A) Introduction 56 
Land-use change is frequently associated with biodiversity loss and altered species 57 
composition (Tylianakis et al., 2005; Kremen et al., 2007).  This has functional 58 
consequences, because species with particular functional traits appear to be 59 
especially vulnerable to decline (Henle et al., 2004; Bartomeus et al., 2013b; 60 
Newbold et al., 2013).  As species’ traits determine their contribution to ecosystem 61 
processes, loss of particular traits may translate to changes in ecosystem functioning 62 
and services (Kleijn et al., 2004; Larsen et al., 2005).   63 
 64 
The consequences of land-use change are particularly important for insect 65 
pollinators, which provide pollination services for between 78 and 94% of all 66 
flowering plants and 75% of the leading global food crops (Klein et al., 2007; Ollerton 67 
et al., 2011; Winfree et al., 2011). Yet, while the benefits of pollinator biodiversity are 68 
known to depend on functional trait diversity (Hoehn et al., 2008; Albrecht et al., 69 
2012), studies on pollinator responses to land use have largely focused on metrics 70 
relating to species richness and/or abundance (e.g. Hatfield, 2007; reviewed in 71 
Winfree et al., 2011). The full impact of disturbance (e.g., land-use intensity) on 72 
communities includes changes to the identity and functional roles of species (e.g. 73 
Bracken & Low, 2012). For example, social bee species have been shown to be 74 
more strongly affected by isolation from natural habitat and pesticides than are 75 
solitary bee species (Williams et al., 2010), and small-bodied generalists tend to be 76 
more strongly affected by habitat loss, compared with small-bodied specialists 77 
(Bommarco et al., 2010). 78 
 79 
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Non-random species losses occur because of specific trait-environment 80 
relationships, and may reflect differential extinction or colonisation rates, differences 81 
in dispersal ability and/or differential habitat quality (Loo et al., 2002; Hylander et al., 82 
2005). These factors may result in communities that show a nested composition 83 
pattern, whereby species in disturbed habitats are a subset of those present in less 84 
disturbed habitats (Ulrich, 2009; Aizen et al., 2012; Sasaki et al., 2012).  Nestedness 85 
has thus been used as a tool to identify the functional and compositional 86 
consequences of land-use change and non-random patterns of species loss 87 
(Patterson & Atmar, 1986; Ulrich et al., 2009; Selmants et al., 2012). 88 
 89 
In this study, we use a novel approach to investigate pollinator community response 90 
to changes in land-use type by investigating functional diversity and community 91 
nestedness in four anthropogenic habitats with differing land-use intensity. We base 92 
our analyses on 10 pollinator morphological, behavioural and life-history traits that 93 
contribute to pollination functions and are likely to influence responses to 94 
disturbance. 95 
 96 
Specifically, we ask the following questions: 97 
1. How do pollinator richness and composition differ among land-use types and 98 
do these changes translate to altered functional diversity among land-use 99 
types? 100 
2. Are losses of functional diversity predictable from losses of species diversity? 101 
3. Which functional traits are favoured in different land-use types? 102 
  103 
(A) Methods 104 
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(B) Land-use types 105 
Six replicates of each of four land-use types (i.e. 24 sites) were sampled in the 106 
Canterbury plains region, on the South Island of New Zealand.  The sites were 107 
positioned within four different land-use types (named in decreasing order of 108 
intensity): rotational cropping, dairy farms, blackcurrant orchards and New Zealand 109 
native gardens (Fig. S1; see Appendix S1 and S2 in Supporting Information for 110 
details about site selection). The order of intensity was based on qualitative 111 
information gained from farmer consultation concerning the frequency and depth of 112 
soil disturbance, biomass removal, and use of external inputs (i.e. fertilizer, 113 
herbicide), which, in turn, impacted vegetation complexity and the proportion of 114 
exotic species (Table S1; see Appendix S1).  All land-use types were embedded 115 
within a highly modified agricultural landscape in the Canterbury region of New 116 
Zealand.   117 
(B) Insect pollinator sampling 118 
We selected a focal sampling area (5 m x 5 m) at each replicate site, in which to trap 119 
insect pollinators. Pollinators were trapped for five days each month from November 120 
2008 to 2009 using flight intercept and pan traps. Insect traps were placed within a 121 
field boundary nearest to the centre of a given farm of a given land-use type. At each 122 
site, four yellow flight intercept/pan traps (Howlett et al., 2009) were positioned 2 m 123 
apart on stakes at a height of 1.2 m. Each trap consisted of a pan trap measuring 22 124 
cm x 35 cm x 6 cm attached to two vertical panes (flight intercept) that were 125 
arranged perpendicular to each other (Fig. S2; see Appendix S1 for more details on 126 
sampling). Two traps contained a mixture of water and detergent and two traps 127 
contained clear acetate sheets (22 cm x 30 cm) lined with Tanglefoot paste (The 128 
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Tanglefoot Company, Minnesota, USA). Tanglefoot was applied as a thin film to the 129 
entire surface area of each acetate sheet to ensure maximum insect capture. We 130 
applied Tanglefoot as a thin film such that pollen was retained on insect bodies and 131 
not lost in drops of excess Tanglefoot; preliminary trials were conducted in 132 
commercial Brassica rapa fields to perfect this method. The two trapping methods 133 
were used to maximize the diversity and sample size of insects captured. All traps 134 
were replaced daily. All insects captured were transported back to the laboratory and 135 
stored in a freezer (-80 oC) until further processing. Insects were sorted to species 136 
using existing collections, identification keys (Donovan, 2007; Landcare Research, 137 
2013) and assistance from expert taxonomists.  Potential pollinators were separated 138 
from non-pollinators on the basis of the proportion of individuals carrying pollen and 139 
the mean amount of pollen carried.  In this dataset, some taxa comprised numerous 140 
individuals that carried no pollen at all and a few that carried 1 or 2 pollen grains, 141 
arriving at a mean of 0 or 1 pollen grain/s.  We did not consider these to be 142 
pollinators.  The remaining species carried a minimum mean pollen load of five or 143 
more pollen grains.  These were considered potential pollinators.  Although we did 144 
not measure viability of pollen, the transfer and adherence of pollen to the pollinator 145 
was deemed a potential pollination event.  The number of pollen species carried by 146 
pollinators was identified using a pollen library of plant specimens collected at each 147 
site at the time of sampling.  Voucher specimens are located at the New Zealand 148 
Institute for Plant and Food Research in Lincoln, New Zealand.    149 
 150 
(B) Pollinator traits 151 
Pollinator traits were compiled using field observations and existing published and 152 
unpublished datasets (Table S2; See Appendix S1) from the Canterbury region. For 153 
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each pollinator species, we compiled information for the following 10 traits: (1) body 154 
width, measured as distance between the base of the wings in mm (i.e. inter-tegula 155 
span in bees); (2) body depth (mm); (3) body length (mm); (4) pollen carrying 156 
structure: scopa, corbicula, none; (5) larval feeding type: decaying vegetation; 157 
parasite; predator of other insect; dung; carrion; nectar or pollen (6) behaviour: 158 
social; solitary (7) foraging preference: nectar or pollen (8) mean duration of flower 159 
visitation (9) richness of pollen carried (i.e. the number of plant species carried by 160 
the pollinator species) (10) nesting behaviour: central nest (i.e. foraging is focused 161 
around nest location); no nest (foraging is not centered around a nest location).  162 
Morphological trait values (e.g. body length, width and depth) were derived by 163 
obtaining the mean dimensions of ten representative specimens (Table S2, 164 
Appendix S1). Traits related to foraging preferences and flower visitation were 165 
measured in mass flowering Brassica rapa fields as part of another study (Rader et 166 
al., 2009).  All species were scored for all traits, hence all species have the same 167 
number of traits recorded and each trait has a number of values for continuous traits 168 
and a number of levels for categorical traits.  See Appendix S1 for summary 169 
statistics of traits.   170 
 171 
The traits selected were intended to capture characteristics known to be important 172 
for the quantity and quality of pollination services. For example, body size correlates 173 
with pollination efficiency (Larsen et al., 2005), foraging duration (Stone & Willmer, 174 
1989; Stone, 1994), foraging distance in some bees (Greenleaf et al., 2007) and 175 
susceptibility to land-use change (Larsen et al., 2005; Winfree et al., 2009; Williams 176 
et al., 2010). Although the response-effect functional trait framework suggests 177 
assignment of traits to two groups (i.e." effect" traits influence ecosystem functioning 178 
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while "response" traits influence how species respond to disturbance Naeem & 179 
Wright, 2003; Hooper et al., 2005; Violle & Jiang, 2009), most traits in our dataset 180 
not only contribute to pollination functions, but are also likely to influence responses 181 
to disturbance (Lavorel & Garnier, 2002; Larsen et al., 2005). 182 
 183 
(B) Richness analyses 184 
We tested how species richness responded to our land-use intensity gradient in 185 
order to provide baseline information against which to compare changes in functional 186 
diversity. Data were pooled across trap types (sticky and flight intercept traps) and 187 
time (i.e. monthly trap collections for 1 year). Even though sampling effort was 188 
standardized, species abundances differed among sites, which can strongly 189 
influence species richness estimates (Gotelli & Colwell 2001). We therefore 190 
calculated rarefied richness to the lowest sample size (n=193 individuals) to test 191 
whether observed richness was affected by differences in abundances among sites 192 
(Gotelli & Colwell, 2001). We tested for spatial autocorrelation of both data and 193 
model residuals using the Moran index in the “spdep” package (Bivand et al., 2012) 194 
in the R environment (R Development Core Team 2012). Spatial autocorrelation was 195 
not significant, as indicated by low and non-significant Moran values (range -0.05 to 196 
0.03; P > 0.2) and hence was not taken into account in further analysis. We used 197 
linear models to compare species richness among land-use types, with species 198 
richness as the response variable and land-use type as the predictor.   199 
 200 
(B) Nestedness and functional diversity analyses 201 
To test whether pollinator communities were nested among land-use types (i.e. if 202 
species from sites with lower species richness were a subset of the species found at 203 
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sites with higher richness), nestedness was calculated using NODF (Almeida-Neto et 204 
al., 2008) and tested for significance against 100 null matrices using the null model 205 
described in Patterson & Atmar (1986). This analysis determines the order in which 206 
species are lost or colonize a system and calculates the rank of sites by taking into 207 
account the percentage overlap of presences for each pair of columns (i.e. species) 208 
and for each pair of rows (i.e. sites) in a matrix ordered to maximize nestedness, 209 
hence both columns and rows are included in the analyses (Ulrich & Gotelli, 2007; 210 
Almeida-Neto et al., 2008; Ulrich et al., 2009). To determine which traits were lost 211 
first, we used the rank of each species on the nested configuration as a measure of 212 
species loss order (Ulrich & Gotelli, 2007; Ulrich, 2009; Sasaki et al., 2012) using the 213 
’vegan’ package in R (Oksanen et al., 2011). A more nested system indicates that 214 
species loss is non-random. 215 
 216 
This rank was then used as a response variable in a linear model with species 217 
abundance and individual species traits as predictors. We performed stepwise model 218 
selection using AIC in the ’MASS’ package (Venables & Ripley, 2002) in R to select 219 
the best model. As five species were represented at all sites, their rank was 220 
considered to be the same; hence we attributed the rank value of one to all five 221 
species. Body depth was excluded as it was highly correlated with body width. 222 
 223 
Just as diversity is different to composition in taxonomic diversity studies, we 224 
explored both functional diversity and functional community composition to better 225 
understand community response to different land-use types.  Functional diversity 226 
indices (functional richness and functional dispersion) were calculated using the ’FD’ 227 
package in R (Laliberté & Legendre, 2010).  Functional richness and dispersion are 228 
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important metrics to understand the impacts of land-use change upon functional 229 
diversity as they can be used to indicate if species within a given habitat are 230 
performing similar (i.e. redundant) or different (i.e. complementary) roles for a given 231 
function or service (Walker, 1992; Elmqvist et al., 2003; Laliberté et al., 2010).  We 232 
used linear models to compare each of the two functional diversity metrics among 233 
land-use types, with functional richness and functional dispersion indices as 234 
response variables. Details of the methods used to calculate these metrics are 235 
described in Appendix S2 of the Supporting Information. We used a null model to 236 
distinguish whether the observed change in functional richness was higher or lower 237 
than expected given the species richness observed (Petchey, 2004). We used a 238 
simulation approach to create a random (null) distribution of functional richness 239 
values for a given number of species. Holding species richness constant for each 240 
land-use type, we randomly selected species from the species pool (the total number 241 
of species in the study) to calculate a null functional richness for each richness level. 242 
We repeated this 1000 times to produce a distribution of null values and tested 243 
whether the actual functional richness for each community was significantly higher or 244 
lower than the mean of the null functional richness distribution, at α = 0.05. 245 
This approach permitted us to determine if changes in functional richness simply 246 
reflected changes in species richness, or if species loss and trait diversity responded 247 
differently to land-use management.  As sites within each land-use type showed 248 
different patterns in relation to the null model, we also calculated standardised 249 
deviations of functional richness in each site from the null expectation and compared 250 
these deviations among land-use types using linear models (Ingram & Shurin, 2009; 251 
Mason et al., 2012; Laliberté et al., 2013). 252 
 253 
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(B) Community-weighted mean and functional trait composition 254 
To further explore which particular traits drive the changes observed in functional 255 
diversity, we obtained the community-weighted trait means (CWM) of all traits for 256 
each site (Garnier et al., 2004) as measures of functional composition. We used 257 
permutational analysis of variance (PERMANOVA) and permutational analysis of 258 
dispersion tests (PERMDISP) based on Gower distance (to enable inclusion of 259 
discrete variables) to compare CWMs among land-use types, and non-parametric 260 
multidimensional scaling (NMDS) to visualize functional composition of the CWM 261 
indices. We used a Procrustes test (Peres-Neto & Jackson, 2001) to test whether 262 
sites with similar species composition exhibited similar functional composition. This 263 
method compares two distance matrices using permutation tests to calculate the 264 
statistical significance of matrix resemblance (Alarcón et al., 2008; Burkle and Irwin, 265 
2009; Alarcón, 2010), and has been shown to be more robust than the classic 266 
Mantel test (Peres-Neto & Jackson, 2001). 267 
 268 
To test for differences in community composition among land-use types, we used 269 
PERMANOVA on a Bray-Curtis distance matrix between sites using the ’vegan’ 270 
package in R (Oksanen et al., 2011).  Differences in beta diversity among land uses 271 
were assessed using the PERMDISP test. To visualize patterns in species 272 
composition, we used NMDS.  273 
All statistical analyses in this study were conducted using R software (R 274 
Development Core Team 2012). 275 
 276 
(A) Results 277 
We collected 23,509 pollinator individuals over one year (mean: 2439 278 
13 
 
individuals/month) and recorded 25 different pollinator species, the most abundant of 279 
which were bees and flies (Table S3; See Appendix S1). All taxa in this study were 280 
unmanaged and assemblages comprised both native (14 species) and introduced 281 
(11 species) taxa.  Even though we recorded Apis mellifera at study sites, it is likely 282 
this taxon was unmanaged, as managed hives were >1.2 km away from our study 283 
sites and feral honey bees existed in this region at the time of this study. 284 
 285 
Observed species richness in gardens was significantly higher than in crops (Fig.1 286 
and 2; Table S4; See Appendix S1) and this pattern matched that of rarefied species 287 
richness (Fig. 2; Table S4; See Appendix S1). Less species-rich communities 288 
contained a subset of the species found in more species-rich communities (Fig. 1, 289 
NODF Nestedness = 79.01, compared to 100 simulations of the null model: Mean = 290 
59.81, Z = 13.12, P = 0.01). The core pollinator species present at most sites 291 
included two introduced social (Apis mellifera and Bombus terrestris, Apidae) and 292 
one native solitary bee (Lasioglossum sordidum, Halictidae) and two common flies 293 
(Delia platura, Anthomyiidae and Pollenia pseudorudis, Calliphoridae, Fig. 1). 294 
 295 
The species that were less common, with a large body size, solitary behavior, larval 296 
feeding preferences other than nectar/pollen (i.e. decaying vegetation, parasitic etc.) 297 
and foragers of few plant species were lost first with increasing land-use intensity 298 
(Fig. 3). These species were present in less-intensive, species-rich sites, 299 
representative of garden and blackcurrant land uses (Fig. 3). In contrast, common 300 
species with a small body size, social behavior, preference for nectar/pollen and 301 
generalist foragers of many plant species were associated with less diverse sites, 302 
including cropping and dairy land uses (Fig. 3; Table S7; See Appendix S1). 303
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 304 
Functional richness declined by 83% from the least intensive gardens to the most 305 
intensive rotational cropping.  Although functional richness of gardens was 306 
significantly higher than that of dairy and cropping (Table S4; See Appendix S1), 307 
overall, this decline was not significantly different from that expected according to a 308 
random loss of species at most sites as determined by the null model (Fig. S3; see 309 
Appendix S1). However, sites within each land use showed different patterns in 310 
relation to the null model, as evidenced  by significant differences (P = 0.03) in 311 
standardised deviations among land-use types. Standardised deviations of observed 312 
functional richness from the null expectation were positive (i.e. greater-than-313 
expected) for the less intensive land-use types (blackcurrant: 0.36; native garden: 314 
0.41) and negative (i.e. lower-than-expected) for the more intensive land-use types 315 
(crop: -0.11; dairy: -0.64). Functional dispersion, however, did not differ significantly 316 
among land-use types (Fig. 2; Table S4; See Appendix S1).  317 
 318 
Abundance-weighted community composition differed significantly among land-use 319 
types (PERMANOVA, R2 = 0.23; P = 0.041; Fig. S6). For example, among the 320 
common species, L. sordidum comprised 58% and 53% of the individuals in 321 
blackcurrant and rotational cropping, while only 35% and 17% in garden and dairy, 322 
respectively (Table S6; See Appendix S1). The community-level weighted trait 323 
means showed that communities in different land uses were characterized by 324 
different traits (Figs. S4, S5; Table S5; See Appendix S1). For example, pollinators in 325 
rotational cropping had a greater proportion of species that foraged on many plant 326 
species than those in gardens, such as A. mellifera and B. terrestris, (Table S4; Fig. 327 
S4; see Appendix S1). All land uses (with the exception of two sites) were dominated 328 
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by solitary species and pollinator body size did not differ among land-use types (F3,20 329 
= 1.25, P = 0.31; Table S5; see Appendix S1).  330 
 331 
Congruent with the species composition results, mean trait composition differed 332 
significantly among land-use types (PERMANOVA, R2 = 0.37, P = 0.005; Fig. S7). 333 
However, functional dispersion among land-uses was not significantly different 334 
(PERMDISP, F3,20 = 1.60, P = 0.22).  Not surprisingly, though, communities that 335 
were more similar in species composition tended to be more functionally similar, but 336 
this pattern was not statistically significant (Procrustes test; correlation: 0.42, P-value 337 
= 0.09 ; based on 1000 permutations). 338 
 339 
(A)     Discussion 340 
(B) Land-use change and the preferential loss of particular species 341 
Land-use change is driving rapid declines in global species diversity (Sala et al., 342 
2000), but taxa do not all respond in the same way. Differences in sensitivity to land- 343 
use intensity are largely a result of the traits species possess and species responses 344 
to landscape change and associated changes in environmental factors (Kleijn et al., 345 
2004; Larsen et al., 2005).   346 
 347 
Vegetation loss and fragmentation in anthropogenic habitats is frequently associated 348 
with declines in pollinator species richness (Garibaldi et al., 2011; Winfree et al., 349 
2011) , yet few studies have determined the extent to which changes in composition 350 
accompany changes in species richness.  For example, the identification of 351 
compositional shifts will enable detection of whether specialist species are being 352 
replaced with more common generalist species (Tylianakis et al., 2005; Aizen et al., 353 
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2012).  In our study, large-bodied taxa, solitary bees and taxa with non-floral larval 354 
food requirements were the most likely to be lost with increasing land-use intensity.  355 
Solitary taxa commonly nest in the ground resulting in sensitivity to changes in 356 
agricultural management associated with intensification (Williams et al., 2010; Jauker 357 
et al., 2013).  The loss of large-bodied taxa concurs with larger-scale trends reported 358 
for pollinators (Bartomeus et al., 2013a), and the preferential loss of specialist, 359 
parasitic, and cavity-nesting pollinators (Williams et al., 2010; Burkle et al., 2013).   360 
 361 
Sociality and diet alone do not, however, mitigate a negative response to land-use 362 
intensification.  Other traits, such as body size, may mediate or exacerbate land-use 363 
change impacts.  For example, Jauker et al. (2013) demonstrated that although 364 
solitary reproduction resulted in species being particularly vulnerable to habitat loss, 365 
this response was mediated by body size.  Small-bodied social bees within the family 366 
Halictidae, were susceptible to land-use change whereas large-bodied bumblebees 367 
were not.    Furthermore, Bommarco et al. (2010) demonstrated that large-bodied 368 
generalist pollinators were less affected by land-use change than were small-bodied 369 
generalists.   In our study, the two generalist, social bee species, Apis mellifera and 370 
Bombus terrestris, were present across all study sites and hence were not sensitive 371 
to changes in land use.  Declines in large-bodied taxa in this dataset are thus largely 372 
represented by Diptera, solitary bees (Leioproctus sp.) and non-bee hymenopteran 373 
taxa. 374 
 375 
(B) The implications of pollinator loss 376 
The dominance of common species, most often exotic in our dataset, is a common 377 
feature of modified or disturbed habitats (Dukes & Mooney, 1999; Tylianakis et al., 378 
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2005; Didham et al., 2007), yet its functional consequences are less obvious. This is 379 
because the non-dominant functional groups that appear to be susceptible to 380 
differences in land-use management (e.g. solitary taxa with non-floral larval food 381 
requirements) are important pollination service providers to many New Zealand 382 
native plants and some commercial mass flowering crops (Primack, 1983; Newstrom 383 
& Robertson, 2005; Rader et al., 2009; Howlett, 2012; Rader et al., 2013b).  384 
 385 
Determination of the full magnitude of impact of these losses would thus require an 386 
assessment of the changes in pollination function associated with land-use 387 
intensification. Irrespective of this knowledge gap, the losses of particular functional 388 
groups will likely reduce the insurance value provided by functionally-dissimilar 389 
communities (Loreau et al., 2001; Bartomeus et al., 2013a), as resilience is 390 
conferred to diverse assemblages by the provision of a range of ecological 391 
responses to environmental change (Elmqvist et al., 2003; Norberg, 2004; Laliberté 392 
et al., 2010; Rader et al., 2013a). 393 
 394 
In conclusion, our study shows that species bearing particular trait attributes (i.e. 395 
large body size, solitary behaviour and non-floral larval food resources) are more 396 
susceptible to changes in land use than species without.  While particular trait 397 
attributes are being selected in response to intensification, intensification is not 398 
currently affecting the breadth of functional diversity (i.e. functional dispersion 399 
showed little difference across land-use types). Nonetheless, the capacity to cope 400 
with future change may be reduced as a result of lower functional richness in more 401 
intensive land-use types. 402 
 403 
18 
 
 404 
(A)    Acknowledgements 405 
R.R. acknowledges support from James Cook University, the New Zealand Institute 406 
for Plant and Food Research Limited and the New Zealand Entomological Society 407 
21st Anniversary Grants. J.M.T. is funded by a Rutherford Discovery Fellowship, 408 
administered by the Royal Society of New Zealand. E.L. acknowledges financial 409 
support from the Australian Research Council (ARC) through a DECRA 410 
(DE120100352). We thank Neville Moar, Stephen Thorpe, Bradley Howlett and Barry 411 
Donovan for insect and pollen identification.  We thank the numerous land holders 412 
who allowed us to conduct this study on their land.   413 
 414 
 415 
(A)      References 416 
 417 
Albrecht, M., Schmid, B., Hautier, Y. & Müller, C.B. (2012) Diverse pollinator 418 
communities enhance plant reproductive success. Proceedings of the Royal Society 419 
B: Biological Sciences, 279, 4845-4850. 420 
Almeida-Neto, M., Guimarães, P., Guimarães, P.R., Loyola, R.D. & Ulrich, W. (2008) 421 
A consistent metric for nestedness analysis in ecological systems: reconciling 422 
concept and measurement. Oikos, 117, 1227-1239. 423 
Bartomeus, I., Ascher, J.S., Gibbs, J., Danforth, B.N., Wagner, D.L., Hedtke, S.M. & 424 
Winfree, R. (2013a) Historical changes in northeastern US bee pollinators related to 425 
shared ecological traits. Proceedings of the National Academy of Sciences, 110, 426 
Bartomeus, I., Park, M.G., Gibbs, J., Danforth, B.N., Lakso, A.N. & Winfree, R. 427 
(2013b) Biodiversity ensures plant–pollinator phenological synchrony against climate 428 
19 
 
change. Ecology Letters, 16, 1331-1338. 429 
4656-4660. 430 
Bivand, R., Micah Altman, Luc Anselin, Renato Assunção, Olaf Berke, Andrew 431 
Bernat, Guillaume Blanchet, Eric Blankmeyer, Marilia Carvalho, Bjarke Christensen, 432 
Yongwan Chun, Carsten Dormann, Stéphane Dray, Rein Halbersma, Elias Krainski, 433 
Pierre Legendre, Nicholas Lewin-Koh, Hongfei Li, Jielai Ma, Giovanni Millo, Werner 434 
Mueller, Hisaji Ono, Pedro Peres-Neto, Gianfranco Piras, Markus Reder, Tiefelsdorf, 435 
M. & Yu., D. (2012) spdep: Spatial dependence: weighting schemes, statistics and 436 
models, R package version 0.5-46. 437 
Bommarco, R., Biesmeijer, J.C., Meyer, B., Potts, S.G., Pöyry, J., Roberts, S.P.M., 438 
Steffan-Dewenter, I. & Öckinger, E. (2010) Dispersal capacity and diet breadth 439 
modify the response of wild bees to habitat loss. Proceedings of the Royal Society B: 440 
Biological Sciences, 277, 2075-2082. 441 
Bracken, M.E.S. & Low, N.H.N. (2012) Realistic losses of rare species 442 
disproportionately impact higher trophic levels. Ecology Letters, 15, 461-467. 443 
Cardinale, B.J., Duffy, J.E., Gonzalez, A., Hooper, D.U., Perrings, C., Venail, P., 444 
Narwani, A., Mace, G.M., Tilman, D., Wardle, D.A., Kinzig, A.P., Daily, G.C., Loreau, 445 
M., Grace, J.B., Larigauderie, A., Srivastava, D.S. & Naeem, S. (2012) Biodiversity 446 
loss and its impact on humanity. Nature, 486, 59-67. 447 
Didham, R.K., Tylianakis, J.M., Hutchison, M.A., Ewers, R.M. & Gemmell, N.J. 448 
(2005) Are invasive species the drivers of ecological change? Trends in Ecology & 449 
Evolution, 20, 470-474. 450 
Didham, R.K., Tylianakis, J.M., Gemmell, N.J., Rand, T.A. & Ewers, R.M. (2007) 451 
Interactive effects of habitat modification and species invasion on native species 452 
decline. Trends in Ecology and Evolution, 22, 489-496. 453 
20 
 
Donovan, B.J. (2007) Apoidea (Insecta: Hymenoptera) Fauna of New Zealand. 454 
Landcare Research Ltd., Christchurch, New Zealand. 455 
Dukes, J.S. & Mooney, H.A. (1999) Does global change increase the success of 456 
biological invaders? Trends in Ecology & Evolution, 14, 135-139. 457 
Elmqvist, T., Folke, C., Nystrom, M., Peterson, G., Bengtsson, J., Walker, B. & 458 
Norberg, J. (2003) Response diversity, ecosystem change and resilience. Frontiers 459 
in Ecology and Environment, 1, 488-494. 460 
Garibaldi, L.A., Steffan-Dewenter, I., Kremen, C., Morales, J.M., Bommarco, R., 461 
Cunningham, S.A., Carvalheiro, L.G., Chacoff, N.P., Dudenhöffer, J.H., Greenleaf, 462 
S.S., Holzschuh, A., Isaacs, R., Krewenka, K., Mandelik, Y., Mayfield, M.M., 463 
Morandin, L.A., Potts, S.G., Ricketts, T.H., Szentgyörgyi, H., Viana, B.F., Westphal, 464 
C., Winfree, R. & Klein, A.M. (2011) Stability of pollination services decreases with 465 
isolation from natural areas despite honey bee visits. Ecology Letters, 14, 1062-466 
1072. 467 
Garnier, E., Cortez, J., Billès, G., Navas, M.-L., Roumet, C., Debussche, M., Laurent, 468 
G., Blanchard, A., Aubry, D., Bellmann, A., Neill, C. & Toussaint, J.-P. (2004) Plant 469 
functional markers capture ecosystem properties during secondary succession. 470 
Ecology, 85, 2630-2637. 471 
Gotelli, N. & Colwell, R.K. (2001) Quantifying biodiversity: Procedures and pitfalls in 472 
the measurement and comparison of species richness. Ecology Letters, 4, 379-391. 473 
Greenleaf, S.S., Williams, N.M., Winfree, R. & Kremen, C. (2007) Bee foraging 474 
ranges and their relationship to body size. Oecologia, 153, 589-596. 475 
Hatfield, R.G.a.L., G. (2007) Patch and landscape factors shape community 476 
assemblage of bumble bees, Bombus spp. (Hymenoptera: Apidae), in montane 477 
meadows. Biological Conservation, 139, 150-158. 478 
21 
 
Henle, K., Davies, K., Kleyer, M., Margules, C. & Settele, J. (2004) Predictors of 479 
species sensitivity to fragmentation. Biodiversity & Conservation, 13, 207-251. 480 
Hoehn, P., Tscharntke, T., Tylianakis, J.M. & Steffan-Dewenter, I. (2008) Functional 481 
group diversity of bee pollinators increases crop yield. Proceedings of the Royal 482 
Society B, Biological Sciences, 275, 2283-2291. 483 
Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavorel, S., Lawton, 484 
J.H., Lodge, D.M., Loreau, M., Naeem, S., Schmid, B., Setälä, H., Symstad, A.J., 485 
Vandermeer, J. & Wardle, D.A. (2005) Effects of biodiversity on ecosystem 486 
functioning: a consensus of current knowledge. Ecological Monographs, 75, 3-35. 487 
Howlett, B.G. (2012) Hybrid carrot seed crop pollination by the fly Calliphora vicina 488 
(Diptera: Calliphoridae). Journal of Applied Entomology, 136, 421-430. 489 
Howlett, B.G., Walker, M.K., Newstrom-Lloyd, L.E., Donovan, B.J. & Teulon, D.A.J. 490 
(2009) Window traps and direct observations record similar arthropod flower visitor 491 
assemblages in two mass flowering crops. Journal of Applied Entomology, 133, 553-492 
564. 493 
Hylander, K., Nilsson, C., Gunnar Jonsson, B. & Göthner, T. (2005) Differences in 494 
habitat quality explain nestedness in a land snail meta-community. Oikos, 108, 351-495 
361. 496 
Ingram, T. & Shurin, J.B. (2009) Trait-based assembly and phylogenetic structure in 497 
northeast Pacific rockfish assemblages. Ecology, 90, 2444-2453. 498 
Jauker, B., Krauss, J., Jauker, F. & Steffan-Dewenter, I. (2013) Linking life history 499 
traits to pollinator loss in fragmented calcareous grasslands. Landscape Ecology, 28, 500 
107-120. 501 
Klein, A.M., Vaissiere, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., 502 
Kremen, C. & Tscharntke, T. (2007) Importance of pollinators in changing 503 
22 
 
landscapes for world crops. Proceedings of the Royal Society B Biological Sciences, 504 
274, 303-313. 505 
Kremen, C., Williams, N.M., Aizen, M.A., Gemmill-Herren, B., LeBuhn, G., Minckley, 506 
R., Packer, L., Potts, S.G., Roulston, T., Steffan-Dewenter, I., Vazquez, D.P., 507 
Winfree, R., Adams, L., Crone, E.E., Greenleaf, S.S., Keitt, T.H., Klein, A.M., Regetz, 508 
J. & Ricketts, T.H. (2007) Pollination and other ecosystem services produced by 509 
mobile organisms: a conceptual framework for the effects of land-use change. 510 
Ecology Letters, 10, 299-314. 511 
Laliberté, E., Norton, D.A. & Scott, D. (2013) Contrasting effects of productivity and 512 
disturbance on plant functional diversity at local and metacommunity scales. Journal 513 
of Vegetation Science, 24, 834-842. 514 
Laliberté, E. & Tylianakis, J.M. (2010) Deforestation homogenizes tropical 515 
parasitoid–host networks. Ecology, 91, 1740-1747. 516 
Laliberté, E., Wells, J.A., DeClerck, F., Metcalfe, D.J., Catterall, C.P., Queiroz, C., 517 
Aubin, I., Bonser, S.P., Ding, Y., Fraterrigo, J.M., McNamara, S., Morgan, J.W., 518 
Merlos, D.S., Vesk, P.A. & Mayfield, M.M. (2010) Land-use intensification reduces 519 
functional redundancy and response diversity in plant communities Ecology Letters, 520 
13, 76-86. 521 
Landcare Research (2013) Fauna of New Zealand Series 522 
http://www.landcareresearch.co.nz/publications/books/fauna-of-nz-series/fnz-523 
downloads, accessed Dec 2nd, 2013. 524 
Larsen, T.H., Williams, N.M. & Kremen, C. (2005) Extinction order and altered 525 
community structure rapidly disrupt ecosystem functioning. Ecology Letters, 8, 538-526 
547. 527 
Lavorel, S. & Garnier, E. (2002) Predicting changes in community composition and 528 
23 
 
ecosystem functioning from plant traits: revisiting the Holy Grail. Functional Ecology, 529 
16, 545-556. 530 
Loo, S.E.L., Mac Nally, R.M.N. & Quinn, G.Q. (2002) An experimental examination of 531 
colonization as a generator of biotic nestedness. Oecologia, 132, 118-124. 532 
Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P., Hector, A., Hooper, 533 
D.U., Huston, M.A., Raffaelli, D., Schmid, B., Tilman, D. & Wardle, D.A. (2001) 534 
Biodiversity and ecosystem functioning: current knowledge and future challenges. 535 
Science, 294, 804-808. 536 
Mason, N.W.H., Richardson, S.J., Peltzer, D.A., de Bello, F., Wardle, D.A. & Allen, 537 
R.B. (2012) Changes in coexistence mechanisms along a long-term soil 538 
chronosequence revealed by functional trait diversity. Journal of Ecology, 100, 678-539 
689. 540 
Naeem, S. & Wright, J.P. (2003) Disentangling biodiversity effects on ecosystem 541 
functioning: deriving solutions to a seemingly insurmountable problem. Ecology 542 
Letters, 6, 569-579. 543 
Newbold, T., Scharlemann, J.P.W., Butchart, S.H.M., Şekercioğlu, Ç.H., Alkemade, 544 
R., Booth, H. & Purves, D.W. (2013) Ecological traits affect the response of tropical 545 
forest bird species to land-use intensity. Proceedings of the Royal Society B  546 
Biological Sciences, 280, 805-810. 547 
Newstrom, L. & Robertson, A. (2005) Progress in understanding pollination systems 548 
in New Zealand. New Zealand Journal of Botany, 43, 1-59. 549 
Norberg, J. (2004) Biodiversity and ecosystem functioning: A complex adaptive 550 
systems approach. Limnology and Oceanography, 49, 1269-1277. 551 
Oksanen, J., Blanchet, F.G. Kindt, R., Legendre, P., Minchin, P.R., O'Hara, R.B.,  552 
Simpson, G.L., Solymos, P., Stevens, M.H. and Wagner, H. (2011) vegan: 553 
24 
 
Community Ecology. R package version 2.0-2. 554 
Ollerton, J., Winfree, R. & Tarrant, S. (2011) How many flowering plants are 555 
pollinated by animals? Oikos, 120, 321-326. 556 
Patterson, B.D. & Atmar, W. (1986) Nested subsets and the structure of insular 557 
mammalian faunas and archipelagos. Biological Journal of the Linnean Society, 28, 558 
65-82. 559 
Peres-Neto, P. & Jackson, D. (2001) How well do multivariate data sets match? The 560 
advantages of a procrustean superimposition approach over the Mantel Test. 561 
Oecologia, 129, 23-30. 562 
Petchey, O.L. (2004) On the statistical significance of functional diversity. Functional 563 
Ecology, 18, 297-303. 564 
Primack, R.B. (1983) Insect pollination in the New Zealand mountain flora. New 565 
Zealand Journal of Botany, 21, 317-333. 566 
R Development Core Team (2012) R: A language and environment for statistical 567 
computing. R Foundation for Statistical Computing. www.R-project.org, Vienna, 568 
Australia. 569 
Rader, R., Reilly, J., Bartomeus, I. & Winfree, R. (2013a) Native bees buffer the 570 
negative impact of climate warming on watermelon crop pollination by honey bees. 571 
Global Change Biology, 19, 3103-3110. 572 
Rader, R., Edwards, W., Westcott, D.A., Cunningham, S.A. & Howlett, B.G. (2013b) 573 
Diurnal effectiveness of pollination by bees and flies in agricultural Brassica rapa: 574 
Implications for ecosystem resilience. Basic and Applied Ecology, 14, 20-27. 575 
Rader, R., Howlett, B.G., Cunningham, S.A., Westcott, D.A., Newstrom-Lloyd, L., 576 
Walker, M., Teulon, D. & Edwards, W. (2009) Alternative pollinator taxa are equally 577 
efficient but not as effective as the honeybee in a mass flowering crop. Journal of 578 
25 
 
Applied Ecology, 46, 1080-1087. 579 
Sala, O.E.C., F.S., Armesto, J., Berlow, E., Bloomfield, J. & Dirzo, R. (2000) Gloabl 580 
biodiversity scenarios for the year 2100. Science, 287, 1770-1774. 581 
Sasaki, T., Katabuchi, M., Kamiyama, C., Shimazaki, M., Nakashizuka, T. & 582 
Hikosaka, K. (2012) Nestedness and niche-based species loss in moorland plant 583 
communities. Oikos, 121, 1783-1790. 584 
Selmants, P.C., Zavaleta, E.S., Pasari, J.R. & Hernandez, D.L. (2012) Realistic plant 585 
species losses reduce invasion resistance in a California serpentine grassland. 586 
Journal of Ecology, 100, 723-731. 587 
Stone, G.N. (1994) Activity patterns of females of the solitary bee Anthophora 588 
plumipes in relation to temperature, nectar supplies and body size. Ecological 589 
Entomology, 19, 177-189. 590 
Stone, G.N. & Willmer, P.G. (1989) Warm-up rates and body temperatures in bees - 591 
the importance of body size, thermal regime and phylogeny. Journal of Experimental 592 
Biology, 147, 303-328. 593 
Tylianakis, J.M., Klein, A.M. & Tscharntke, T. (2005) Spatiotemporal variation in the 594 
diversity of Hymenoptera across a tropical land use gradient. Ecology, 86, 3296-595 
3302. 596 
Tylianakis, J.M., Tscharntke, T. & Lewis, O.T. (2007) Habitat modification alters the 597 
structure of tropical host-parasitoid food webs. Nature, 445, 202-205. 598 
Ulrich, W. (2009) Nestedness analysis as a tool to identify ecological gradients. 599 
Ecological Questions, 11, 27-34. 600 
Ulrich, W. & Gotelli, N.J. (2007) Null model analysis of species nestedness patterns 601 
Ecology 88, 1824-31. 602 
Ulrich, W., Almeida-Neto, M. & Gotelli, N.J. (2009) A consumer's guide to 603 
26 
 
nestedness analysis. Oikos, 118, 3-17. 604 
Venables, W.N. & Ripley, B.D. (2002) Modern Applied Statistics with S, fourth edn. 605 
Springer, New York. 606 
Violle, C. & Jiang, L. (2009) Towards a trait-based quantification of species niche. 607 
Journal of Plant Ecology, 2, 87-93. 608 
Walker, B.H. (1992) Biodiversity and ecological redundancy. Conservation Biology, 609 
6, 18-23. 610 
Williams, N.M., Crone, E.E., Roulston, T.H., Minckley, R.L., Packer, L. & Potts, S.G. 611 
(2010) Ecological and life history traits predict bee species responses to 612 
environmental disturbances. Biological Conservation, 143, 2280-2291. 613 
Winfree, R., Bartomeus, I. & Cariveau, D.P. (2011) Native Pollinators in 614 
Anthropogenic Habitats. Annual Review of Ecology, Evolution, and Systematics, 42, 615 
1-22. 616 
Winfree, R., Aguilar, R., Vazquez, D.P., LeBuhn, G. & Aizen, M.A. (2009) A meta-617 
analysis of bees' responses to anthropogenic disturbance. Ecology, 90, 2068-2076. 618 
 619 
Biosketch 620 
Romina Rader is interested in plant–animal interactions.  Her current research 621 
focuses on the potential impacts of land-use change upon pollinator communities 622 
and the provision of ecosystem services by unmanaged pollinator taxa. 623 
 624 
Supporting Information 625 
Additional Supporting Information may be found in the online version of this article: 626 
Appendix S1 { Supplementary information relating to site selection and results  } 627 
Appendix S2 { Supplementary information relating to methods and analyses  } 628 
27 
 
Appendix S3 { Supplementary information concerning trait correlation matrix  } 629 
Figure S1 { Location of study sites } 630 
Figure S2 { Flight-intercept trap design and measurements } 631 
Figure S3 { Results of null model analyses} 632 
Figure S4 { Changes in continuous functional traits with land-use type } 633 
Figure S5 { Changes in discrete functional traits with land-use type } 634 
Figure S6 { Differences in taxonomic composition with land-use type } 635 
Figure S7 { Differences in functional composition with land-use type } 636 
Table S1 { Features of land-use types} 637 
Table S2 { Insect functional traits used in this study } 638 
Table S3 { Species list } 639 
Table S4 { Model estimates for diversity indices } 640 
Table S5 { Model estimates for Community Weighted Means } 641 
Table S6 { Dominance of common species } 642 
 643 
Figure captions: 644 
 645 
Fig. 1: Matrix of species composition and land-use intensity showing nested pattern 646 
(sites with fewer species contain a subset of the species in more diverse sites) 647 
derived from the analyses of nestedness. Grey-shaded squares represent species 648 
presence and un-shaded represents species absence at each site. Note that garden 649 
and blackcurrant sites predominately occupy upper matrix, indicating higher 650 
richness. Crop and dairy sites contain a subset of the species found in richer sites.  651 
The curve delineates the condition in which perfect nestedness would occur, i.e. 652 
whereby species on the far right of the figure are only found at few sites and those 653 
28 
 
species on the far left are found at all sites.  A perfectly nested community would 654 
thus be represented by grey shading of all cells above the line and empty white cells 655 
below the line. 656 
 657 
Fig. 2: Species and functional diversity metrics across different land-use types in the 658 
Canterbury region, New Zealand: A. Species richness, B. Functional richness, C. 659 
Rarefied richness, D. Functional dispersion.  Significant differences indicated by 660 
letters that relate to garden as the baseline habitat for comparison to other habitats; 661 
see table S4 for further details.   662 
 663 
Fig. 3: The relationship between species nestedness rank and pollinator abundance 664 
and traits retained in the best model. Nestedness rank was obtained using the order 665 
in which each site is listed in the nestedness matrix illustrated in Fig. 1. A higher 666 
ranking represents species that are present in most sites. This ranking was used as 667 
a response variable in analyses to determine if rarer species are lost first, and which 668 
traits are lost first with increasing intensification. For simplicity, the slopes of the 669 
univariate relationships were plotted for the predictors that were retained in the full 670 
multivariate model.  Significance indicated by asterisk (all P => 0.01) :  A. abundance 671 
(log transformed), B. body length, C. sociality, D. larval feeding behaviour, E. 672 
visitation duration, F. diversity of pollen carried.  Refer to Table S7 in Appendix S1 673 
for further details. 674 
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